Congenital diaphragmatic hernia (CDH) is associated with significant mortality due to lung hypoplasia and pulmonary hypertension. The role of embryonic pulmonary innervation in normal lung development and lung maldevelopment in CDH has not been defined. We hypothesize that developmental defects of intrapulmonary innervation, in particular autonomic innervation, occur in CDH. This abnormal embryonic pulmonary innervation may contribute to lung developmental defects and postnatal physiological derangement in CDH. To define patterns of pulmonary innervation in CDH, human CDH and control lung autopsy specimens were stained with the pan-neural marker S-100. To further characterize patterns of overall and autonomic pulmonary innervation during lung development in CDH, the murine nitrofen model of CDH was utilized. Immunostaining for protein gene product 9.5 (a pan-neuronal marker), tyrosine hydroxylase (a sympathetic marker), vesicular acetylcholine transporter (a parasympathetic marker), or VIP (a parasympathetic marker) was performed on lung whole mounts and analyzed via confocal microscopy and threedimensional reconstruction. Peribronchial and perivascular neuronal staining pattern is less complex in human CDH than control lung. In mice, protein gene product 9.5 staining reveals less complex neuronal branching and decreased neural tissue in nitrofen-treated lungs from embryonic day 12.5 to 16.5 compared with controls. Furthermore, nitrofen-treated embryonic lungs exhibited altered autonomic innervation, with a relative increase in sympathetic nerve staining and a decrease in parasympathetic nerve staining compared with controls. These results suggest a primary defect in pulmonary neural developmental in CDH, resulting in less complex neural innervation and autonomic imbalance. Defective embryonic pulmonary innervation may contribute to lung developmental defects and postnatal physiological derangement in CDH. lung development; nerve development; autonomic innervation CONGENITAL DIAPHRAGMATIC HERNIA (CDH) is a relatively common birth defect occurring in ϳ1 of 2,500 live-born infants. The anatomic abnormalities in CDH include a defect in the diaphragm associated with persistence of abdominal viscera in the chest cavity, as well as lung developmental abnormalities, including lung hypoplasia and pulmonary vascular abnormalities. Lung hypoplasia in CDH is associated with decreased airway branching, decreased lung-to-body weight ratio, and decreased radial alveolar counts (3, 16, 22) . The pulmonary vascular abnormalities include decreased pulmonary arterial branching, with increased muscularization of the intrapulmonary arteries (15, 17, 26, 30, 41) . These abnormalities can lead to pulmonary hypertension and severe respiratory distress at birth. Despite recent advances in the care of infants with CDH, the reported mortality for infants born with CDH is 10 -40% (1, 6, 10, 20, 25, 34) . However, studies that included all cases with a prenatal diagnosis of CDH report mortality rates of 50 -62%, thus revealing a significant hidden mortality due to fetal demise and postnatal death prior to definitive care (2, 12, 39). Specifically, persistent pulmonary hypertension is a major clinical factor contributing to early and delayed mortality in infants born with CDH (14).
branching, with increased muscularization of the intrapulmonary arteries (15, 17, 26, 30, 41) . These abnormalities can lead to pulmonary hypertension and severe respiratory distress at birth. Despite recent advances in the care of infants with CDH, the reported mortality for infants born with CDH is 10 -40% (1, 6, 10, 20, 25, 34) . However, studies that included all cases with a prenatal diagnosis of CDH report mortality rates of 50 -62%, thus revealing a significant hidden mortality due to fetal demise and postnatal death prior to definitive care (2, 12, 39) . Specifically, persistent pulmonary hypertension is a major clinical factor contributing to early and delayed mortality in infants born with CDH (14) .
The molecular mechanisms responsible for abnormal lung development in CDH remain incompletely understood. Furthermore, the contribution of defective pulmonary neural development to the characteristic developmental defects and postnatal physiological derangements in CDH has not been defined. Recent data using generic neural markers suggest decreased esophageal and tracheobronchial innervation in CDH (31) (32) (33) . The development of lung innervation and the intrinsic pulmonary nervous system in normal lung remains an incompletely understood process. The embryonic lungs receive parasympathetic (vagal) and sympathetic extrinsic innervation, while intrinsic innervation of the lung is derived from neural crest cells (7, 8) . Multiple studies have shown that functional innervation of the embryonic lung begins in the early stages of lung development. For example, branches from the vagus nerve to the developing trachea and lung buds are evident as early as embryonic (E) day 11.5 (E11.5) in mice (43) . Subsequently, there is formation of a complex peribronchial neural plexus extending to the distal airways. Furthermore, neurotransmitters and neuropeptides are expressed in the early stages of lung development (5, 19, 44) .
The effect of neural development on organogenesis is an emerging area of interest, and the specific role of embryonic pulmonary innervation in modulation of normal lung development (and, therefore, contribution to postnatal physiology) remains to be explored. In a system analogous to lung airway branching morphogenesis, parasympathetic innervation has recently been shown to be necessary for maintaining an epithelial progenitor cell population during salivary gland development (24) . Removal of the parasympathetic submandibular neural ganglion from embryonic submandibular gland explants in culture, or chemical inhibition of acetylcholine signaling, results in decreased branching morphogenesis and decreased expression of epithelial progenitor cell markers (24) . There is increasing evidence that the vasculature and embryonic blood flow play important roles in organogenesis of a variety of organs (13, 37) . Furthermore, neural development during or-ganogenesis closely parallels vascular development and is controlled by some of the same molecular factors (9) . Therefore, defective neural development would be expected to be associated with defective vascular development and could potentially result in imbalanced autonomic innervation, which could contribute to altered embryonic pulmonary blood flow. Thus, improper nerve and blood vessel development could contribute to defects in lung organogenesis.
We hypothesized that defective pulmonary neural innervation occurs in CDH and results in an imbalance of pulmonary autonomic innervation. This altered embryonic pulmonary innervation and autonomic imbalance in CDH may contribute to specific lung defects in CDH through effects on airway or vascular development. Furthermore, defective pulmonary innervation, in particular autonomic imbalance, may lead to postnatal physiological derangements that contribute to pulmonary vascular hyperresponsiveness and pulmonary hypertension. To address this hypothesis, patterns of neural development in CDH were characterized in human autopsy lung specimens and in a nitrofen-induced mouse model of CDH.
MATERIALS AND METHODS
Human specimens. Autopsy neonatal CDH or control lung specimens were obtained under approval of the University of Pittsburgh Committee for Oversight of Research Involving the Dead. Immunohistochemistry was performed with S-100 primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and a biotinylated Vectastain ABC kit. Immunoperoxidase was detected using a diaminobenzidine kit (Dako, Carpinteria, CA).
Animals. Time-mated CD-1 mice were obtained from Charles River. Experiments were performed in accordance with guidelines established by the University of Pittsburgh Institutional Animal Care and Use Committee.
Nitrofen model. Timed-pregnant CD-1 mice were gavage-fed 25 mg of nitrofen dissolved in 1 ml of olive oil (nitrofen group) or 1 ml of olive oil alone (control) on day 8.5 of gestation. At various time points, pregnant mice were killed and embryonic lungs were dissected using a dissecting microscope.
Antibodies. The following antibodies were used at the indicated dilutions for immunofluorescence: goat anti-E-cadherin (1:300 dilution; R & D Systems, Minneapolis, MN), rabbit anti-protein gene product 9.5 (PGP9.5, 1:300 dilution; AbD Serotec, Raleigh, NC), rabbit anti-tyrosine hydroxylase (1:500 dilution; Abcam, Cambridge, MA), goat anti-vesicular acetylcholine transporter (VAchT, 1:500 dilution; Abcam), and rabbit anti-VIP (1:1,000 dilution; Abcam).
Immunohistochemistry. For whole mounts, embryonic lungs were fixed in 4% paraformaldehyde, washed in PBS, and fixed with graded methanol. Fixed whole mounts were washed in PBS and blocked with 10% normal donkey serum. Tissues were incubated with primary antibody overnight at 4°C, washed in 0.1% PBS-Tween 20 (PBST), and incubated overnight at 4°C with secondary antibody. After washes with 0.1% PBST, the tissue was mounted. For sections, embryonic lungs were fixed in 4% paraformaldehyde, cryoprotected in 30% sucrose overnight, embedded in Tissue-Tek optimal cutting temperature compound, and Fig. 1 . Comparison of central lung zone pulmonary innervation in control lungs and lung specimens from humans with congenital diaphragmatic hernia (CDH) using the pan-neural marker S-100. A and B: S-100 staining in the central zone of the control lung reveals a well-developed peribronchial neural plexus. Arrows, S-100-positive nerves; ‫,ء‬ nonspecific S-100 cartilage staining. C and D: S-100 staining in the central zone of the CDH lung shows a less complex peribronchial neural plexus, with decreased number and size of nerve trunks (arrows). E: S-100-positive neurons in the central zone of control and CDH lungs expressed as total area of S-100-positive nerves on sections. There is a significant reduction in S-100-positive neural tissue in the central zone of CDH lungs compared with controls. S-100-positive cartilage cells were excluded from analysis. *P Ͻ 0.05. frozen in liquid nitrogen. Sections (6 -8 m) were cut by cryostat and mounted. Slides were washed in PBS and 0.1% PBST. Sections were incubated with primary antibody overnight at 4°C or at room temperature for 1 h. After washes with PBS and 0.1% PBST, the sections were incubated with secondary antibody for 1 h at room temperature. Slides were washed with PBS and mounted.
Western blot. Total lung protein was extracted from whole embryonic lungs using extraction buffer and quantified using a bicinchoninic acid assay. Twenty micrograms of protein per sample were separated on a 12% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane, blocked with 5% milk powder, and washed with Trisbuffered saline-Tween 20 (TBST). Membranes were incubated overnight at 4°C with primary rabbit anti-VIP (1:200 dilution; Abbiotec, San Diego, CA) and mouse anti-␤-actin (1:20,000 dilution; Sigma, St. Louis, MO); then they were washed with TBST, incubated with goat anti-rabbit and goat anti-mouse horseradish peroxidase secondary antibodies, and washed with TBST. An enhanced chemiluminescence kit was used to visualize protein bands.
Quantitative and statistical analysis. Immunofluorescent staining of embryonic lung whole mounts was imaged using confocal microscopy. z-Stack images were used for three-dimensional (3-D) reconstruction using Stereo InveStigator software (MBF Bioscience, Williston, VT). For quantification of neuronal staining, we utilized zstacks of confocal images to calculate the volume of nerve staining as a percentage of total lung volume using Neurolucida software (MBF Bioscience). Neuronal staining in sections was quantified using ImageJ software (National Institutes of Health). Statistical analysis was performed using Student's t-test.
RESULTS

Pattern of pulmonary innervation in human CDH.
Previous data suggest decreased innervation of the lungs in CDH (31) (32) (33) . We sought to further define the pattern of defective pulmonary innervation in CDH. Using immunostaining for the generic neural marker S-100, we compared human lung specimens obtained from autopsy of neonates who died from CDH (age at death 3 days-8.5 wk) with lung specimens from autopsy of neonates who died from nonpulmonary causes (age at death 5-6 days). To further characterize the pattern of defective pulmonary innervation in CDH, we further divided lung samples from each group (CDH vs. controls) into a central and a peripheral zone.
In the central zones, there was a subjectively less complex peribronchial neural plexus in CDH (Fig. 1 , C and D) than control ( Fig. 1, A and B) lung specimens. Qualitatively, the CDH plexuses were characterized by a decreased number of S-100-positive nerve branches and smaller nerve branches than controls. Quantification of S-100 staining revealed a significant decrease in central zone neural tissue in CDH compared with control lung specimens (Fig. 1E ).
Examination of S-100 immunostaining in peripheral lung zones similarly revealed decreased innervation of the peripheral airways and vasculature in CDH ( There is a significant reduction in S-100-positive neural tissue in the peripheral zone of CDH lungs compared with controls. *P Ͻ 0.05. compared with control ( Fig. 2, A and B) specimens. Defective innervation in peripheral lung zones was once again characterized by a decreased number of peribronchiolar and perivascular nerve branches in CDH compared with control specimens. Quantification once again showed a statistically significant decrease in S-100 immunostaining of peripheral lung zones in CDH compared with control specimens (Fig. 2E) .
Pattern of pulmonary innervation in nitrofen-treated murine embryonic lung. We utilized the murine nitrofen model to study patterns of pulmonary innervation during lung development in CDH (23, 42) . Lungs from nitrofen-exposed embryos exhibit histological findings that closely resemble the lung histology in human CDH (11) . Using this technique, ϳ70% of nitrofen-exposed embryos develop CDH, which becomes grossly evident after E14.5, but all nitrofentreated embryonic lungs exhibit significant hypoplasia from early stages of lung development onward, with decreased airway branching and vascular defects characteristic of CDH even before closure of the diaphragm (data not shown). Therefore, because we are especially interested in the lung developmental defects during early stages of lung development, regardless of the presence of the diaphragmatic defect per se, for the following experiments, nitrofentreated embryonic lungs were compared with controls without regard for whether a diaphragmatic defect was present.
Immunofluorescent staining of embryonic lung sections using the pan-neural marker PGP9.5 was performed. PGP9.5 staining of nitrofen-treated embryonic lungs compared with controls closely parallels the S-100 immunostaining pattern in postnatal human CDH lungs compared with controls (Fig. 3, A and B). Specifically, there was a reduction in the number of pulmonary peribronchial and perivascular nerve branches and smaller nerve branches in the nitrofen-treated embryonic lungs than in the controls.
To examine the pattern of pulmonary innervation in nitrofen-treated lungs in more detail and to eliminate selection bias of sections for quantification, we utilized confocal microscopy to analyze PGP9.5 immunofluorescent staining of embryonic lung whole mounts. Confocal images of PGP9.5 staining showed a fine complex pattern of neural branching into the lung periphery in control embryonic lungs from E12.5 onward (Fig. 3, C, E, and G) . In nitrofen-treated embryonic lungs, there was a markedly less complex pattern of PGP9.5-positive nerve branching, especially in the lung periphery, at each embryonic stage from E12.5 onward (Fig. 3, D, F, and H) . z-Stacks of confocal images of PGP9.5 staining were used to quantify PGP9.5-positive neural tissue in nitrofen-treated embryonic lungs compared with controls ( Fig. 3I) . At E12.5, E14.5, and Fig. 3 . Comparison of pulmonary innervation in embryonic murine control and nitrofen-treated lungs using the pan-neural marker protein gene product 9.5 (PGP9.5). A and B: PGP9.5 staining in embryonic (E) day 14.5 (E14.5) control (A) and nitrofen-treated (B) mouse lung sections reveals a well-developed complex neural plexus in the control lung with a decreased number of nerve branches in the nitrofen-treated lung. Arrows, PGP9.5-positive nerves. Note similarity to S-100 staining pattern in Figs. 1 and 2 . C-H: PGP9.5 immunofluorescent staining in confocal images of embryonic lung whole mounts from control and nitrofen-treated mice at E12.5, E14.5, and E16.5. In control lungs, there is a fine network of PGP9.5-positive nerves as early as E12.5, with increased complexity of branching into the periphery as gestation proceeds. In nitrofen-treated embryonic lungs, there is a less complex pattern of PGP9.5-positive innervation, with decreased neural branching from central nerve trunks at each gestational age. ‫,ء‬ PGP9.5-positive nerve trunks. ECAD, E-cadherin; PECAM, platelet/endothelial cell adhesion molecule. Original magnification ϫ100. I: PGP9.5-positive neuronal volume in control and nitrofen-treated murine lung at E12.5, E14.5, and E16.5. Neuronal volume was calculated using z-stack images obtained from confocal microscopy of whole mounts and expressed as percentage of total lung volume. Quantification was performed using Stereo InveStigator software. *P Ͻ 0.05 vs. control. E16.5, there was a statistically significant reduction in the volume of PGP9.5-positive neural tissue in nitrofen-treated embryonic lungs compared with controls, expressed as PGP9.5-positive neural volume as percentage of overall lung volume within the entire z-stack. This difference appeared to remain similar throughout gestation.
Autonomic imbalance in nitrofen-treated murine embryonic lung. To further study the functional significance of the defective innervation of nitrofen-treated embryonic lungs, we used tyrosine hydroxylase as a sympathetic nerve marker and VAchT and VIP as parasympathetic markers to analyze patterns of autonomic innervation.
Immunofluorescent staining of embryonic lung whole mounts for tyrosine hydroxylase was analyzed using confocal microscopy. In control embryonic lungs at E12.5 and E14.5, there was a relatively less complex pattern of tyrosine hydroxylase-positive innervation than in control lungs for the panneural marker PGP9.5 (Fig. 4, A and C, compared with Fig. 3 , C and E). Specifically, the fine branching network into the periphery of the lung that was seen with PGP9.5 was not seen with tyrosine hydroxylase. In contrast, in nitrofen-treated embryonic lungs at E12.5 and E14.5, the pattern of tyrosine hydroxylase-positive neural innervation was similar to the pattern of PGP9.5-positive neural innervation (compare Fig. 4 , B and D, with Fig. 3, D and F) . These results suggest a relative increase in sympathetic innervation in nitrofen-treated embryonic lungs compared with controls. Quantification of tyrosine hydroxylase staining in z-stacks of confocal images, expressed as the volume of tyrosine hydroxylase-positive nerves as a percentage of total lung volume, revealed a significant increase in relative tyrosine hydroxylase staining in nitrofen-treated embryonic lungs compared with controls (Fig. 4E) .
To examine parasympathetic innervation, we utilized immunofluorescent staining for VAchT and VIP. Immunofluorescent staining of embryonic lungs with VAchT revealed a pattern of innervation similar to that for the pan-neural marker PGP9.5. As shown at E12.5 and E16.5, there is complex VAchTpositive neural branching into the periphery of the lung in controls compared with a less complex truncated branching pattern of VAchT-positive nerves in nitrofen-treated embryonic lungs (Fig. 5, A-D) . Quantification of VAchT staining in z-stacks of confocal images, expressed as the volume of VAchT-positive nerves as a percentage of total lung volume, confirmed a reduction of VAchT staining in nitrofen-treated embryonic lungs compared with controls (Fig. 5E) .
In addition to VAchT, VIP was used as another marker of parasympathetic innervation. In control lung sections, there was strong epithelial VIP staining mainly confined to epithelial nerve endings and/or neuroepithelial bodies within the distal airways and terminal buds (Fig. 6A) . In nitrofen-treated embryonic lungs, there was a significant reduction in this distal airway VIP expression (Fig. 6B) . In addition, VIP staining was also seen in a perivascular pattern, with a significant reduction in perivascular VIP staining in nitrofen-treated embryonic lungs compared with controls (Fig. 6, C and D) . Western blot analysis confirmed a significant reduction in VIP protein expression in nitrofen-treated embryonic lungs compared with controls (Fig. 6E) .
These results suggest an imbalance in pulmonary autonomic innervation in nitrofen-treated embryonic lungs compared with controls from the early stages of lung development onward. This imbalance is characterized by a relative increase in sympathetic innervation and a relative decrease in parasympathetic innervation. To further define differences in pulmonary innervation in nitrofen-treated lungs compared with controls, we created 3-D reconstructions of confocal images of PGP9.5, tyrosine hydroxylase, and VAchT staining in nitrofen-treated embryonic lungs compared with controls at E14.5. As shown in Fig. 7, A and B, 3-D reconstructions of confocal z-stacks of lung whole mounts stained for PGP9.5 revealed a complex Fig. 4 . Comparison of pulmonary sympathetic innervation in embryonic murine control and nitrofen-treated lungs using the sympathetic marker tyrosine hydroxylase (TH). A-D: TH immunofluorescent staining in confocal images of embryonic lung whole mounts from control and nitrofen-treated mice at E12.5 and E14.5. In control lungs at E12.5 and E14.5, a central TH-positive nerve trunk, with little peripheral branching, is indentified. This is in contrast to the fine complex PGP9.5-positive branching pattern in control embryonic lungs (see Fig. 3 ). In nitrofen-treated lungs at E12.5 and E14.5, a central TH-positive nerve trunk, with little peripheral branching, is indentified. This pattern is similar to the truncated PGP9.5-positive branching pattern in nitrofen-treated embryonic lungs (see Fig. 3 ). These results suggest a relative increase in sympathetic innervation in nitrofen-treated embryonic lungs. Arrows, TH-positive nerves. Original magnification ϫ100. E: TH-positive neuronal volume in control and nitrofen-treated murine lung at E14.5. Neuronal volume was calculated using z-stack images obtained from confocal microscopy of whole mounts and expressed as percentage of total lung volume. *P Ͻ 0.05. pattern of pulmonary neural branching in control E14.5 embryonic lung and a markedly reduced pattern of branching from main nerve trunks into the periphery in nitrofen-treated lungs at E14.5. Compared with the pattern of pan-neural PGP9.5-positive nerve branching, the pattern of tyrosine hydroxylasepositive nerve branching is markedly reduced in control lungs at E14.5, while the pattern of tyrosine hydroxylase-positive nerve branching is similar to the pattern of PGP9.5-positive branching in nitrofen-treated lungs at E14.5, consistent with a relative increase of sympathetic (tyrosine hydroxylase-positive) innervation in nitrofen-treated embryonic lungs (Fig. 7, C  and D) . Finally, 3-D reconstructions of VAchT-positive nerves revealed a complex pattern of pulmonary VAchT-positive nerve branching in control embryonic lung at E14.5 and a markedly reduced pattern of VAchT-positive nerve branching in nitrofen-treated lungs at E14.5, consistent with a relative decrease in parasympathetic (VAchT-positive) innervation in nitrofen-treated embryonic lungs (Fig. 7, E and F) .
DISCUSSION
CDH is a relatively common and often devastating birth defect resulting in significant mortality and long-term morbidity in survivors (1, 6, 10, 20, 25, 34) . The lungs in infants born with CDH exhibit specific developmental defects, including varying degrees of lung hypoplasia and decreased pulmonary arterial branching, with increased muscularization of the in- VAchT immunofluorescent staining in confocal images of embryonic lung whole mounts from control and nitrofen-treated mice at E12.5 and E16.5. In control lungs at E12.5 and E16.5, there is a fine network of VAchT-positive nerves as early as E12.5, with increased complexity of branching into the periphery as gestation proceeds. In nitrofen-treated embryonic lungs, there is a less complex pattern of VAchTpositive innervation, with decreased neural branching from central nerve trunks at each gestational age. These results suggest a relative decrease in parasympathetic innervation in nitrofen-treated embryonic lungs. Arrows, VAchT-positive nerves. Original magnification ϫ100. E: VAchT-positive neuronal volume in control and nitrofen-treated murine lung at E16.5. Neuronal volume was calculated using z-stack images obtained from confocal microscopy of whole mounts and expressed as percentage of total lung volume. *P Ͻ 0.05. trapulmonary arteries (3, 15-17, 22, 26, 30, 41) . These abnormalities can lead to severe pulmonary hypertension and respiratory distress in the neonatal period. The failure of the pulmonary hypertension to resolve is a major factor contributing to poor outcomes in infants born with CDH (14) . The underlying developmental processes contributing to the development of lung hypoplasia and pulmonary vascular defects and to the abnormal postnatal pulmonary vascular physiology in CDH remain undefined.
In human autopsy lung specimens and murine lungs treated with nitrofen as a model of CDH, we have shown defective pulmonary innervation in CDH. In the human specimens, staining with the generic neural marker S-100 reveals decreased neural innervation, with less complex branching of intrapulmonary nerves, in peribronchial and perivascular locations in specimens from infants with CDH compared with controls. This difference is especially marked in the lung periphery. Previous studies demonstrated decreased esophageal, tracheal, and bronchial neural crest-derived neural components in CDH (31-33). Our human data build on these earlier studies by further characterizing the pattern of defective neural innervation in CDH and demonstrating a marked decrease in pulmonary innervation of the airways and pulmonary vasculature in the lung periphery in CDH. Results utilizing PGP9.5 staining in nitrofen-treated mice closely resemble the human autopsy results. Specifically, fewer intrapulmonary nerves and a less complex branching pattern around airways and intrapulmonary arteries are observed in nitrofen-treated embryonic lungs than controls. In our mouse model, this decreased innervation in nitrofen-treated embryos is seen from E12.5 through the postnatal period, supporting the possibility that there is a primary developmental defect in intrapulmonary innervation beginning in the early stages of lung development (even before formation of the diaphragm) and persisting through birth.
To build on earlier findings and to further determine the significance of defective neural development in CDH, we used markers of sympathetic and parasympathetic nerves to determine the pattern of autonomic innervation in the developing lung. We hypothesize that an imbalance of sympathetic and parasympathetic autonomic innervation during lung development in CDH could contribute to lung developmental defects in D with B) . E and F: the parasympathetic marker VAchT reveals a complex neural branching pattern through the lung periphery in control lungs; the VAchT-positive neural branching pattern is significantly truncated in nitrofen-treated embryonic lungs. These results suggest an imbalance of autonomic innervation during embryonic lung development in the nitrofen-treated group compared with controls, with relatively increased sympathetic and decreased parasympathetic innervation. Original magnification ϫ100.
CDH, in particular lung hypoplasia, and to postnatal physiological derangements resulting in persistent and severe pulmonary hypertension. Although, overall, PGP9.5 staining is decreased in nitrofen-treated embryonic lungs, neural staining for the sympathetic marker tyrosine hydroxylase is increased in nitrofen-treated lungs compared with controls from E12.5 to E16.5. In contrast, staining for the parasympathetic markers VAchT and VIP in nitrofen-treated lungs is decreased compared with controls. These novel results suggest an imbalance of autonomic innervation, with increased sympathetic and decreased parasympathetic innervation, within the developing lung in CDH initially in the early stages of lung development and throughout gestation. The pattern of VIP staining is especially interesting. In controls, there is marked VIP staining in what appear to be nerve endings or neuroendocrine bodies within the peripheral airway epithelium, with a lack of staining in more central larger airways. This peripheral VIP staining is markedly decreased in nitrofen-treated embryos.
An imbalance of autonomic innervation with increased sympathetic tone and decreased parasympathetic tone postnatally could be a major factor contributing to the pulmonary arterial hyperreactivity and pulmonary hypertension in infants with CDH (14) . VIP is a known vasodilator and bronchodilator in lungs and is present in nerve endings of nonadrenergic noncholinergic neurons innervating the airways and the vasculature of the lung. VIP underexpression, in particular, has been associated with pulmonary hypertension and vascular changes such as increased muscularization of intrapulmonary arteries, as seen in CDH (35) .
Beyond expected effects on postnatal physiology, an imbalance of autonomic innervation in nitrofen-treated lungs as early as E12.5 suggests that this imbalance may play a more interesting role developmentally, possibly contributing to the anatomic airway and vascular defects in CDH lungs. In a system analogous to lung airway branching morphogenesis, parasympathetic innervation has recently been demonstrated to regulate and maintain an epithelial progenitor cell population during salivary gland development. Removal of the parasympathetic submandibular ganglion from embryonic submandibular gland explants in culture or chemical inhibition of acetylcholine signaling results in decreased branching morphogenesis and decreased expression of epithelial progenitor cell markers (24) . Thus, decreased parasympathetic innervation during development of the lungs in CDH may have a similar effect on airway branching morphogenesis, resulting in lung hypoplasia. In addition, defective innervation of pulmonary neuroendocrine cells or neuroepithelial bodies within the developing lung may impact airway branching morphogenesis. Pulmonary neuroendocrine cells are present at the early stages of lung development and seem to be key regulators of airway branching morphogenesis and epithelial proliferation through secretion of effectors such as calcitonin gene-related peptide, gastrin-releasing peptide, and bombesin (21, 27, 40, 45) . Another way in which defective innervation may contribute to lung hypoplasia is via direct effects on airway smooth muscle contraction. Rhythmic contraction of the airway smooth muscle is known to promote lung growth by modulating embryonic airway pressure and, potentially, delivering growth factors within the amniotic fluid to the distal airways (36, 38) . This process would presumably be influenced by early developmental alterations in autonomic innervation of the lung. Finally, defective autonomic innervation with increased sympathetic and decreased parasympathetic innervation of the embryonic lung may result in decreased embryonic pulmonary blood flow in CDH, which may have a direct impact on airway branching morphogenesis (13) . Further examination of these various pathways is needed to prove the potential role of the imbalance of autonomic innervation in modulating branching morphogenesis and contributing to lung hypoplasia in CDH.
We have utilized the nitrofen model of CDH as our animal model for these experiments. The nitrofen model of CDH has been used extensively since it was first described in 1990 (23, 42) . Lungs from nitrofen-exposed embryos exhibit histological findings that closely mimic the human disease. Importantly, the pulmonary vascular abnormalities in this model (decreased pulmonary arterial branching, increased muscularization of intrapulmonary arteries, and increased expression of ␣-smooth muscle actin) are similar to those in the human disease (11) . Interestingly, nitrofen is thought to act through inhibition of retinoid signaling by inhibiting retinal dehydrogenase (18) . Retinoid signaling has been shown to influence neural crest and peripheral neural development, at least suggesting that defective neural development may be a key early factor in the development of the lung defects in CDH (4, 28, 29) .
In summary, using pan-neural markers in human tissue and a murine model of CDH-associated lung hypoplasia, we have confirmed the presence of defective pulmonary innervation in CDH and further defined its pattern. Furthermore, we have demonstrated, for the first time, an imbalance of autonomic innervation, with a relative increase in sympathetic innervation and a relative decrease in parasympathetic innervation, in nitrofen-exposed embryonic mouse lungs from the early stages of lung development onward. The lung developmental and physiological consequences of this autonomic imbalance remain to be fully explored.
